We have shown previously that processing of the Sindbis virus envelope protein precursor PE2 to envelope protein E2 is not required for virus maturation in cultured vertebrate fibroblast cells and that unprocessed PE2 can be incorporated into infectious virus in place of E2 (J. F. Presley and D. T. Brown, J. Virol. 63:1975-1980 D. L. Russell, J. M. Dalrymple, and R. E. Johnston, J. Virol. 63:1619-1629. To better understand the role of this processing event in the invertebrate vector portion of the alphavirus life cycle, we have examined the maturation of Sindbis virus mutants defective in PE2 processing in cultured mosquito cells. We found that although substantial amounts of structural proteins PE2, El, and C were produced in infected mosquito (aedine) cell lines, very little infectious virus was released. When the period of infection was extended, plaque size variants appeared, some of which exhibited a restored ability to grow in mosquito cells. The nucleotide sequences of two such variants were determined. These variants contained point mutations that restored PE2 cleavage, indicating a genetic linkage between failure to cleave PE2 and failure to grow in mosquito cells.
Sindbis virus is a structurally simple enveloped virus (family Togaviridae) which is propagated in a natural cycle involving vertebrate hosts (primarily migratory birds) and invertebrate vectors (Aedes and Culex mosquitoes) (24, 28) . The virus contains three structural proteins: a core nucleocapsid protein (C) and two envelope glycoproteins (El and E2). The C protein is complexed with the viral RNA to form an icosahedral structure which is situated within an envelope containing the El and E2 glycoproteins (5, 29) .
The structural proteins of Sindbis virus are encoded in a single large open reading frame which specifies a polyprotein with a molecular size of 130,000 Da. This protein is proteolytically processed to form the C protein and precursors of the envelope proteins PE2 and El (1, 10, 30, 31) . After translocation into the endoplasmic reticulum, PE2 and El are N glycosylated and transported to the cell surface (4, 20, 22, 26, 32) ; during transport, PE2 is cleaved to yield mature E2 and E3. E3, a small glycopeptide constituting the aminoterminal 64 amino acids of PE2, is discarded into the growth medium by the Sindbis virus but is retained by the Semliki Forest virus particle (11, 15) .
Recently, it has been demonstrated that proteolytic processing of PE2 is not required for Sindbis virus maturation in cultured vertebrate cells (17, 21) . Monensin treatment of infected baby hamster kidney (BHK) cells blocked PE2 processing and produced virions which had replaced over 75% of their complement of E2 with the envelope protein precursor PE2 (17) . A mutant of S.A.AR86, S12, derived from the S.A.AR86 strain by selection for rapid penetration of BHK cells, has a Ser at position 1 of the mature E2 replaced by an Asn, producing a consensus site for N glycosylation (Asn-X-Thr). This site is utilized by cellular glycosylating enzymes with a resulting total block in PE2 processing. Nevertheless, virus growth and viability in BHK * Corresponding author. cells were not altered, and the progeny virus, which contains PE2 and El, had a normal particle-to-PFU ratio (21) .
The fact that the proteolytic processing of PE2, which is common to all the alphaviruses thus far described, is not required for maturation of Sindbis virus in vertebrate cell cultures raises questions regarding the role of this processing event in the natural vertebrate host-invertebrate vector life cycle of alphaviruses. Evolution would be expected to favor virus capable of replicating efficiently in the invertebrate vector as well as in the vertebrate host.
Since failure to process PE2 is a genetic property of S12, it is possible to use this mutant to analyze the consequences of failure to cleave PE2 in mosquito cells. Virus maturation differs in mosquito cells in that the bulk of maturation occurs in large intracellular vesicles rather than at the cell surface (3, 12) . Additionally, N-linked glycans differ significantly from those found in vertebrate cells, particularly in the absence of charged sialic acid residues (3, 16 21) were routinely maintained at 37°C. All mosquito cell lines were maintained at 28°C.
Virus. S.A.AR86 was obtained from Jordi Casals, Arbovirus Research Unit, Yale University. The isolation of mutant S12 has been described previously (21) . Virus stocks were routinely grown on BHK cells as described previously (18) . Virus (17) and were resolved by electrophoresis in 11% polyacrylamide gels by the method of Laemmli (14) . Fluorography was performed as described previously (2 Small amounts of unprocessed PE2 also were seen. Pulsechase experiments indicated that PE2 processing occurs as rapidly in mosquito cells as it does in vertebrate cells (data not shown). Therefore, the small amount of precursor relative to product seen in this extended labeling period is not surprising. In contrast, no E2 was found in any of the various insect cell lines infected with the mutant S12 (Fig. 3) , indicating that the addition of carbohydrate at the E2-E3 junction blocks cleavage in mosquito cells as well as in mammalian cells. Quantitation of viral protein (as described in Materials and Methods) in equivalent cell extracts (C6/36) infected with wild-type or mutant virus showed no significant difference in the total amount of intracellular viral structural proteins (data not shown). Although virus production was greatly restricted in S12-infected insect cells, analysis of the limited amount of virus produced revealed the presence of PE2, El, and E2, indicating a mixture of mutant and revertant virus proteins (data not shown).
Isolation of revertants with wild-type growth characteristics in mosquito cells. As shown above, progeny virus isolated after prolonged growth of S12 in mosquito cells had an altered plaque size when concentrations of virus were determined on either BHK or C6/36 cells. Most experiments showed the production of some large-plaque-producing virus For two such isolates (9 and 17), the nucleotide sequence of viral RNA in the region encoding the E2-E3 cleavage site was determined. These isolates retained the original S12 Asn substitution for Ser at position 1 of E2 but contained an Ile-for-Thr substitution at position 3 (Table 2 ). This substitution disrupted the N-linked glycosylation site (Asn-X-Thr) present in S12, preventing addition of carbohydrate and therefore allowing PE2 processing. The retention of Asn at position 1 (Ser in S.A.AR86) showed that these isolates were pseudorevertants rather than true revertants or wild-type contaminants in the S12 stock used to initiate the infection. Interestingly, Ile, not Thr, is found in each of the HR strains of Sindbis virus sequenced to date at position 3; thus, this is a conservative change (6, 27) .
Because S12 is attenuated for mice, we determined the virulence phenotype of the pseudorevertant isolates from mosquito cells (Table 2 ). Isolates 9 and 17, along with appropriate controls, were inoculated intracranially into 4-week-old CD-1 mice at 1,000 PFU per mouse. Under these (Table   2) . Thus, neurovirulence in mice was also correlated with the ability to process PE2. Recently, the phenotype of S12 has been reproduced by site-directed mutagenesis using a full-length cDNA clone of Sindbis virus, pTR4000, capable of producing infectious RNA transcripts (14a, 19) . This mutant, TR4001-N, contains the same glycosylation signal as the S12 mutant, exhibits near-normal growth in BHK cells, fails to process PE2, and produces virions containing PE2 instead of E2. We have found that this mutant has growth properties and PE2 processing similar to those of S12 in mosquito cells, indicating that the phenotype of S12 described above is due to the alteration at the E3-E2 cleavage site and not to some other alteration in the virus structural or nonstructural proteins. 
